LiF. Investigating a coplanar diode/converter geometry, we determine the minimum semiconductor thickness needed to achieve maximum neutron detection efficiency. By keeping the semiconductor thickness to a minimum, gamma rejection is kept as high as possible. In this way, we optimize detector performance for different thin-film semiconductor materials. A solid state semiconductor neutron detector typically consists of two stacked layers: a neutron converter film and a semiconductor diode. The principle of operation is that neutrons absorbed in the converter film generate charged particles, which are subsequently detected by the ionization produced in the semiconductor diode; Figure 1 shows a diagram illustrating the concept. There are several reports in the literature optimizing the converter layer thickness. McGregor et al. published a definitive work on designing architectures for thin-film coated semiconductor thermal neutron detectors in 2003; however, one aspect of the design which is not considered is the thickness of the semiconductor diode itself. 1 Many of the more recent reports simulate perforated or textured semiconductor diodes, used to increase neutron detection efficiency. [2] [3] [4] Single crystal thin films of Si in both silicon-on-insulator (SOI) and free standing forms can be purchased. It is well known that using a thinner semiconductor film will reduce interference from gamma interactions. This has been demonstrated using SOI wafers. 5, 6 However, to date there has been no systematic study of the optimum thickness of the semiconductor diode, even for the simplest coplanar arrangements of semiconductor and converter. One exception is a 1981 report which discusses the optimal thickness of both converter and semiconductor for a theoretical LiF:polyacetylene based device. 7 There is also a recently awarded United States patent which describes the optimum thickness of the semiconductor portion of a solid state neutron detector as 10-30 lm, and although they do not describe how they arrive at this thickness range, it is in excellent agreement with our results. 8 Other than silicon, there are recent reports of additional high quality, single crystal semiconductor films that have been or might conceivably be utilized as thermal neutron detectors. For instance, Almaviva et al. fabricated chemical vapor deposited diamond neutron detectors in the B-doped/ intrinsic diamond/Al configuration with an intrinsic layer thickness of 25-100 lm. 9 Kaidashev et al. report ZnO films grown by pulsed-laser deposition on sapphire substrates with a thickness >1 lm. They achieve a Hall mobility of 100 cm 2 V À1 s À1 with a carrier concentration of only 7.5 Â 10 15 cm À3 . 10 Single-crystal GaAs films with a 2 lm thickness for solar cells have been prepared using epitaxial growth and lift-off in which the growth substrate can be recycled and used for subsequent epitaxial depositions. 11 Finally, there is a report of epitaxial growth of CdTe with a thickness of 200 lm on a GaAs substrate. Although the thickness is quite high, the authors report the film is sensitive to alpha particles. 12 We utilized the publicly available Monte Carlo based computer modeling programs MCNP5 and MCNPX v2.7.0 to simulate neutron, charged particle and photon/electron transport. Our primary tool within these programs was the pulse height tally, which allows easy determination of the energy deposited in a material volume by incident charged particles and photons. 13, 14 This allowed us to model both the efficiency of thin film semiconductor neutron detectors, and evaluate the susceptibility of the detectors to background gamma interference. Densities, atomic weights, and isotopic ratios used for simulations were taken from the 89th edition of CRC Handbook. 15 We first determined the optimal thickness of both converter materials, since this is largely independent of the choice of material or thickness for the diode. Converter layer thickness optimization was conducted through a series of approximately 60 MCNPX simulations for both converter materials, using 5 Â 10 7 particle histories for each converter thickness. We evaluate intrinsic neutron detection efficiency for a normally incident beam of thermal neutrons (0.026 eV), as described by McGregor and Shultis. 16 Using the pulse tally feature in the latest version of MCNPX (v2.7.0), it is possible to directly simulate the energy deposited in the detector volume by the alpha, triton, and 7 Li ions generated by thermal neutron capture reactions in the converter layer, and thus predict the neutron detection efficiency of different converter/diode arrangements. Analog or explicit capture was used in these simulations, and the neutron capture ion algorithm (NCIA) was used to produce correlated charged particle products from neutron capture reactions. The total number of pulses generated, however, does not represent the true or effective efficiency of such a device, because in practice a lower-level discriminator (LLD) must be implemented to separate actual neutron events from background induced pulses. We evaluated a range of LLD values from 300 to 1800 keV.
We then used the optimal thickness for each converter layer using a 300 keV LLD to study the minimum thickness required for each semiconductor material to collect a certain quantity of energy from either of the charged particle products, i.e., absorb enough energy from the charged particle to produce a "detectable" pulse. In order to accomplish this, we ran a series of 610 simulations with MCNPX, with each simulation having an increasing thickness of the semiconductor diode layer for the five different semiconductors and two converting layers. The reason for choosing the specific LLD setting of 300 keV is to closely follow McGregor's experiments described in Ref. 20 .
In order to account for the detector gamma rejection capability, we simulated the effect of different diode thicknesses while also varying the gamma ray energy over a broad range. Similar to the optimizations for charged particle detection, these simulations made use of the pulse height tally in order to calculate intrinsic gamma-neutron detection efficiency (e int,cn ). The efficiency e int,cn is described using the following equation: 17 e int;cn ¼ Number of photons that produce neutron counts Number of photons incident upon the detector :
Ideally, this quantity should be zero-ensuring that no gamma exposure triggers "false-positive" neutron counts. The standard specification for radiation portal monitors, however, requires e int,cn 10
À6
. According to specifications laid out by the Pacific Northwest National Laboratory (PNNL), e int,cn should be measured with either a 192 Ir or 60 Co gamma source. 17, 18 For our simulations, however, it was beneficial to observe the gamma response over a larger energy range of gamma exposure. For these simulations, a standard LLD setting of 300 keV was chosen.
We also compare the gamma rejection performance of thinner semiconductor layers, down to 3 lm, at two specific gamma ray energies. We chose to evaluate the response of the detector due to 511 keV and 1.46 MeV gammas because these two energies are reported to be the two most frequently encountered gamma-ray energies in an extremely long term gamma background. 19 The resulting intrinsic neutron detection efficiencies predicted for the two converters on 500 lm of Si as a function of thickness and LLD are plotted in Figure 2 . These results closely agree with the calculations performed by McGregor et al., in which similar curves for a LLD of 300 keV are shown. 20 With optimal conversion layer thicknesses chosen for both 10 B and 6 LiF, it was possible to then model the different diode materials and thicknesses.
It should be noted that no "dead" or contact layer was used in these simulations. Such a layer, usually consisting of $100 nm of metal and/or heavily doped semiconductor between the converter layer and intrinsic semiconductor, would reduce the energy of the incident charged particles. Consider the charged particle products of a 2.8 lm 10 B converter layer. Using MCNPX, we find that normally incident alpha and 7 Li ions with a kinetic energy of 0.3-1.5 MeV lose on average $30 and 50 keV, respectively, as they pass through 100 nm of Al. This would reduce the efficiency of the detector from about 4.6% to 4.2% by effectively raising the LLD to $350 keV. For comparison, a 1 MeV triton will lose only $10 keV going through 100 nm Al, showing that a 6 LiF converter will suffer comparatively less from this effect. We chose not to implement a contact layer for two reasons. First, the choice of contact material will depend on the semiconductor. Second, the geometry of the detector may result in the device having a non-uniform "dead" layer. The neutron detectors demonstrated on SOI wafers in Ref. 6 did not use the traditional "sandwich" diode structure, instead they used interdigitated finger contacts where both electrodes are on the same side of the semiconductor layer. In this case, parts of the "dead" layer are made up of the heavily doped Si contacts but other regions of the "dead" layer are composed of 500 nm of protective SiO 2 . Figure 3 shows the predicted detector efficiency as a function of thickness for the five selected semiconductor materials with a 2.8 lm 10 B and a 26 lm 6 LiF converter layer. Each of the curves represents a different LLD setting for each material. As the diode increases in thickness, all of the curves level off at the maximum efficiency for that LLD setting and converter layer. Interestingly, Si and CdTe require almost exactly the same thickness to achieve maximum efficiency, especially for 10 B, indicating they have similar stopping power for charged particles despite their large difference in atomic number and bulk density. Diamond requires the least thickness, approximately 50% less than Si to absorb the same amount of energy, ZnO is close to diamond, and GaAs falls in the middle. For instance, it requires approximately 1.3 lm of either Si or CdTe to achieve maximum efficiency for a 300 keV LLD setting and 2.8 lm 10 B film, while the thicknesses required for diamond, ZnO, and GaAs would be about 0.6, 0.7, and 1.0 lm, respectively.
Results of the simulated intrinsic gamma-neutron detection efficiency illustrate the maximum allowable diode thicknesses for various materials. This value is found by determining the intersection of the 3D pulse height curve with the Z ¼ 10 À6 plane (see Figure 4) . The lowest value of diode thickness within this intersection represents the maximum allowable diode thickness for that particular material-according to the e int,cn 10 À6 specification. These results are summarized in Table I .
In general, the added thickness of the 6 LiF layer necessitates a lower maximum diode thickness in order to fulfill the e int,cn 10 À6 requirement. This presents an advantage of using approach. This is largely due to the thicker layer of 6 LiF enabling more electrons to be generated, as when compared to the detectors with the 10 B conversion layer. These electrons are generated primarily due to Compton scattering. The very small change in the CdTe thicknesses originates primarily from the diode material enabling greater amounts of photoelectric absorptions due to gamma rays with energies close to the LLD setting.
Also observed in the 3D plots in Figure 4 is a valley for all diode thicknesses, corresponding to gamma energies around 450 keV. This valley, which can be observed for all five materials, corresponds to the minimum gamma energy required to generate Compton recoil electrons with adequate energy to deposit past the LLD energy bin. The non-zero pulses recorded at lower gamma energies near the LLD bin are due to electrons generated from only photoelectric absorption. The approximate location of this valley can be derived using Eq. (2), which Knoll defines for the Compton edge electron energy E e À j h¼p , due to the photon energy hv with a photon scattering angle h.
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LLD energy E e À j h¼p ¼ hv
With the electron rest mass energy m 0 c 2 being about 511 keV, and solving for hv with a LLD setting of 300 keV, we determine hv ! 464:9 keV. This value corresponds very closely to the gamma energy value observed in the valleys in the simulated 3D surface plots.
Intrinsic gamma detection efficiencies corresponding to the specific gamma energies and diode thicknesses are reported in Table II . It is clear from these results that Si provides better gamma rejection as compared to the other four materials. However, it is also clear that when considering all five materials with diode thicknesses less than about 30 lm, there is a rapid decrease in gamma detection efficiencies, such that for thicknesses of <10 lm, the response is so low that it is nearly zero. Here, it should also be noted that for diode thicknesses of 10 lm, it is difficult to attain non-zero tallies past the LLD energy bin. Even while running 1 Â 10 9 particle histories along with the forced collision variance reduction technique, tallies of only very small values were recorded. The very high gamma rejection rates are a strong motivation for developing thin-film diode charged particle detectors.
From these simulations, we have provided a range of diode thicknesses and materials from which to design an optimal neutron detector based on a single planar conversion layer. Diamond and ZnO render the greatest stopping power for charged particles, typically requiring only half the thickness of Si to achieve maximum intrinsic thermal neutron detection efficiency. We find that Si possesses the best gamma rejection capability for a given thickness, even greater than that of diamond; this is not surprising given that diamond has the highest atomic density of any material and actually has a greater electron density than silicon. 22 However, for thicknesses of 10 lm, all of the materials are essentially gamma "blind" with a LLD setting of 300 keV or greater.
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